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Abstract. This study presents an efficient numerical model for evaluating the impact of
crosswinds on vehicle aerodynamics using ANSYS Fluid Flow. It offers valuable insights
into the qualitative behavior of vehicles under typical highway traffic conditions. The
analysis explores airflow distribution when a car overtakes a truck at approximately 100
km/h, considering weak, moderate, and strong lateral winds. A detailed examination of
the overtaking phases, with vehicles positioned in three distinct configurations, reveals
significant aerodynamic interactions. These interactions influence vehicle handling and
stability, as reflected in variations in velocity and pressure distributions, increased drag
coefficients for the truck under stronger lateral winds, and significant fluctuations in the
car’s drag coefficients based on its position relative to the truck. Additionally, Reynolds
numbers indicate a transition to turbulent flow. This paper provides an in-depth analysis
and discussion of these findings.
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1. INTRODUCTION

In recent years, the study of vehicle aerodynamics has gained increasing attention,
particularly due to the growing emphasis on energy efficiency, sustainability, and safety in
transportation systems. Aerodynamic drag coefficients are a critical factor influencing the
energy consumption of vehicles, especially at highway speeds, where air resistance
constitutes a significant portion of the overall drag force. A detailed understanding of the
factors that contribute to aerodynamic drag, such as vehicle design, speed, environmental
and traffic conditions, is essential for optimizing fuel efficiency and reducing emissions
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[1]. Among these factors, the impact of crosswinds on aerodynamic performance has
emerged as a significant area of interest [2].

Crosswinds, acting perpendicularly to the direction of travel, can dramatically alter the
aerodynamic forces experienced by vehicles. On highways, where vehicles travel at high
speeds and in close proximity to one another, crosswinds not only increase the drag force
but also affect vehicle stability and driver control [3]. The interaction between vehicles
under crosswind conditions introduces additional complexity, as aerodynamic wake effects
and interference between vehicles can amplify drag forces and influence the vehicle’s
lateral dynamics. Consequently, understanding the effect of crosswind on the vehicle
interaction on highways is critical for improving both fuel efficiency and safety.
Numerical modeling plays a key role in analyzing the influence of crosswinds on vehicle
aerodynamics. Through extensive computational fluid dynamics (CFD) simulations,
researchers can evaluate the complex flow patterns and pressure distributions that arise
when crosswinds interact with multiple vehicles [4], as well as the Truck-Induced Wind
Gusts [5], that may affect the resilience and safety of highway traffic signals structures.
Numerical models allow for detailed analysis of various parameters, such as vehicle
spacing, crosswind speed, and vehicle geometry, without the need for extensive physical
testing. These simulations offer valuable insights into the effect of crosswind conditions
on the aerodynamic drag, especially in scenarios involving multiple vehicles traveling in
close formation, such as convays, in platoon [6], or during overtaking maneuvers [7].

The motivation for conducting numerical modeling of crosswind effects lies in the potential
benefits for both vehicle design and transportation planning. By reducing aerodynamic drag
through optimized vehicle shapes and logistic transportation configurations, manufacturers can
improve vehicle fuel efficiency, resulting in lower operating costs and reduced greenhouse
gas emissions. Furthermore, understanding the impact of crosswinds on vehicle dynamics
contributes to highway safety by guiding vehicle control strategies and enhancing driver
assistance systems, particularly in regions prone to strong crosswinds. This study aims to
investigate the effects of crosswinds on the aerodynamic drag generated by vehicle
interaction on highways through numerical modeling. By providing a detailed analysis of
drag variations under different crosswind conditions, this research seeks to contribute to
the development of more energy-efficient and safer vehicle designs, as well as strategies
for mitigating the adverse effects of crosswinds on highways traffic.

2. THEORETICAL BASIS AND NUMERICAL SETUP

The numerical modeling of crosswind influence on air drag from vehicle interaction on
highways relies on a strong theoretical foundation rooted in fluid dynamics, aerodynamics,
and computational methods [8]. In the context of Computational Fluid Dynamics (CFD)
simulations using ANSYS software, several fundamental principles and mathematical
models are employed to accurately represent the complex flow behaviors encountered in
vehicle aerodynamics under crosswind conditions [9].

The core theoretical framework for modeling airflow in CFD, based on the Navier-
Stokes equations, describes the motion of fluid substances. These equations are a coupled
set of nonlinear partial differential equations for five unknowns: three velocity components
and two state variables (pressure, density or energy), which are connected by an equation
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of state. These account for the conservation of mass (continuity equation), momentum
(Newton’s second law), and energy (first law of thermodynamics) [10].

Our numerical model employs a viscous Shear Stress Transport (SST) k-o model, a
widely used two-equation eddy-viscosity turbulence framework that serves as an
approximation for the Reynolds-averaged Navier-Stokes (RANS) equations and has
proven to provide results that match well with experimental data [11]. In the RANS
approach, equations are solved for the time-averaged flow characteristics while capturing
the scale of turbulent fluctuations. The time average is defined as
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and the instantaneous field flow is represented as u; = u; + 1;, namely the sum of a time-
mean component and a fluctuating component.

Averaging the Navier—Stokes equations yields the RANS equations [12], which contain
the Reynolds stress tensor —p Tu] as a key term representing the averaged effects of
turbulent convection. RANS models are classified into two main categories based on how
this stress tensor is computed: Eddy viscosity models, which assume that stress is
proportional to strain (velocity gradients) and incorporate an effective turbulent viscosity,
and Reynolds stress models, which provide a more detailed representation of the stress
tensor without the assumption of proportionality to strain. Eddy viscosity, similar in effect
to molecular viscosity, facilitates the diffusion of momentum. Unlike molecular viscosity,
it is not an inherent fluid property but rather a characteristic of turbulent flow.

Turbulence is characterized by random, instantaneous fluctuations in both space and
time. However, statistical averaging of these fluctuations reveals measurable transport
mechanisms. The turbulent Kinetic energy (k) equation is used to define the turbulence
velocity scale:
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where the first term on the right-hand-side represents the rate of production of turbulent
kinetic energy, Py, driven by mean flow gradients, and & denotes the dissipation rate,
describing the conversion of kinetic energy into internal energy due to viscous effects.
Physically, turbulent kinetic energy is produced due to the mean flow gradients, and is
dissipated by viscous effects. Imbalance between the production and the dissipation will
cause k either to grow or to decay. The final term is a diffusion term, typically modeled
using the gradient diffusion hypothesis or Reynolds analogy, which introduces the
turbulent Prandtl number to quantify turbulent diffusion effects.

The motivation behind two-equation models originates from the need to obtain the two
scales required to compute the eddy-viscosity. Based on dimensional arguments, a length-
scale and a time-scale are required for that purpose. The standard k- model is a two-
equation turbulence model that solves transport equations for k and o (specific dissipation
rate, €/k). This model excels in simulating wall-bounded boundary layers, free shear flows,
and low Reynolds number flows. It is particularly effective for complex boundary layer
flows under adverse pressure gradients, separation (as in external aerodynamics), and
transitional flows.
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The SST k- model is an enhanced version of the standard k- model, combining the
strengths of both the original k- approach for near-wall regions and the k-& model for
regions farther from the wall. The corresponding equations are:
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with the coefficients set in ANSYS as: u; = p
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The standard k-¢ model performs well in free-stream fully turbulent regions but
struggles with complex flows involving severe pressure gradients, separation, or strong
streamline curvature. The SST hybrid model addresses these limitations by employing a
blending function F; that transitions smoothly between the k-o model near walls and the
k-& model in high-Reynolds-number regions [12]. Additionally, it incorporates a modified
turbulent viscosity formulation to account for the transport effects of primary turbulent
shear stress, enhancing its accuracy in capturing complex flow behaviors.

The governing equations are discretized using the Finite Volume Method and Least
Squares Cell-Based gradient evaluation [13]. As solution methods, a Coupled Scheme is
employed for Pressure-Velocity Coupling, utilizing a Rhie-Chow momentum-based flux
approach [14]. This method provides a robust and efficient single-phase implementation
for steady-state flows, offering better performance than segregated solution schemes. To
improve the accuracy of the simulation and better capture the turbulent flow over the
vehicles, second-order upwind schemes are applied to the Turbulent Kinetic Energy and
Specific Dissipation Rate. Additionally, the External-Aero Favorable Settings option is
used during the Hybrid initialization phase to generate a more accurate initial velocity field
for external-aero simulations. The volume mesh consists of poly-hexcore elements, with
local refinement regions around the vehicles, as part of the standard Ansys Fluent Meshing
watertight geometry workflow. Convergence verification is conducted by tracking the
continuity equation, velocity components, and the k and o values, ensuring that the solution
residues decrease below 10 as convergence criterion.

3. NUMERICAL ANALYSIS
3.1. Numerical Modeling

Numerical modeling with specialized Computational Fluid Dynamics (CFD) software,
such as ANSYS Fluent, is currently used for a wide range of applications in the automotive
sector, due to its advanced physics modeling and industry leading accuracy [15]. Fluent is
one of the two computational fluid dynamics (CFD) packages included with the ANSYS
computational mechanical software suite. With increased traffic and advancements in
technologies aimed at improving road safety, various driving scenarios are being analyzed
to assess aerodynamic drag coefficients (which impact fuel consumption), determine
optimal vehicle spacing, and ensure safe travel under diverse conditions.
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As one vehicle overtakes another, the airflow fields around both vehicles interact,
generating transient aerodynamic forces that can adversely affect handling and stability.
Sudden changes in airflow velocity within a vehicle's wake may cause abrupt variations in
the aerodynamic forces acting on the overtaking vehicle. These rapid fluctuations can
compromise control, making steering more challenging and increasing the risk of accidents.
Understanding how light vehicles respond to disturbances caused by larger, heavier
vehicles remains a complex challenge. This study investigates the impact of these
aerodynamic disturbances on a passenger car when passing a large truck.

The car geometry is that of a BMW 1 Series [16], namely 4.3 m length, 1.8 m width
and 1.43 m height. The truck with the streamlined geometry of a European truck [17] has
a length of 10.5 m, width of 2.5 m and height of 4 m. The distance between the vehicles is
1.5 m on the z direction (Fig. 1).

The vehicles have a speed of 28 m/s (approximately 100 km/h), modeled through an
airflow entering the front inlet boundary and flowing in the positive x direction (Fig. 1).
The velocity of the lateral wind, entering the right inlet boundary and flowing in the
positive z direction, is varied from 5 m/s, to 10 m/s and 15 m/s corresponding to weak,
significant, respectively strong wind. This approach assumes that the relative velocity of
the vehicles has a negligible effect on the flow distribution. The fluid is air, with density
1.225 kg/m® and viscosity 1.7894x10% kg/ms. The turbulent intensity, expressed by the
percentage ratio of the flow rate variation with respect to the average flow rate, is set to
1%, while the turbulent viscosity ratio is set to 2 at the boundaries.

The interaction between the vehicles is modeled in three traffic phases. As the truck
runs on the first lane, the car runs on the second lane and their dynamics is studied in the
following phases: car behind the truck (Fig. 1a), parallel with the truck (Fig. 1b) and
eventually in front of the truck (Fig. 1c).
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Fig. 1 Interaction between vehicles in 3 phases: a) car behind truck, b) car parallel with
the truck, c) car in front of the truck

The numerical simulation domain consists of a box of 50 m length, 40 m width and 24
m height. The boundaries are set up as velocity-inlets: front yz boundary (flow in +x
direction) and right yx boundary (flow in +z direction); pressure outlets: back yz boundary
and left yx boundary; stationary shear zero wall: top xz boundary; moving no-slip wall:
ground xz boundary; stationary no-slip walls: car and truck surfaces. In viscous fluids, the
flow velocity at solid surfaces is zero relative to the boundary, which accounts for the no-
slip condition. This condition is based on the physical observation that at the wall, the
adhesive force of attraction between fluid and solid particles is stronger than the cohesive
force between the fluid particles.
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3.2. Numerical Results, Interpretations and Discussions

Our primary goal is to analyze airflow velocity vectors around vehicle bodies in the
three cases, with Fig. 2 showing their top view in the xz plane for the first traffic phase.

"Velocty Magntuge .
.l"‘v”.as:_.o\T -
37001 Drag coeff.
Lol Truck x = 0.78
:‘:::: 5 Carx=0.45
e Truck z=-0.02
1946108 Carz=-0.05
“1480s01 T ~ '_ Rl g : g J
oTsen00 . AT e et T = - Lift coeff.
4RI e e = e s == Car=0.11
633902 e —
a) A e e S e S
N = N R P S =
— 4780401 S o = i = = .
Dogety_ ~ iy 3 T~ Drag coeff.
303801~ "~ T Truck x = 1.02
TARS AT Carx=-0.17
:::::: -~ Truck z=0.15
SR - Car z=-0.04
1440401
Ve < T T T T T T Lift coeff.
b) = :::}: - e e Car =-0.02
veaor1 - -
Veloclty Magnitude -~~~ .
e
5030401~ i
" 4530001 - -
. &ozevor. - Drag coeff.
- 35%er01 < Truck x = 1.18
3076401 -~ L s Carx=-0.19
25eer0% SN SRe Ty Truck z=0.35
LIl S i i S e e Carz=-0.05
. 1:526¥01
LAf2en 0t Lift coeff.
e Car = -0.01
C) vector- l‘-}“?'_m """"
Velocity Magnitude
bzt g
5.030401"
4530401
Fozev01. Drag coeff.
3520201 Truck x =1.18
3026401 ~ Carx=-0.19
R R S M Truck z=0.35
L RITMDTL SN S S At oA B Carz=-0.05
_Mz_o;ov"»"'f 4
Lo%en Lift coeff.
LS00 e Car =-0.01
d) {euor}l"‘“-om -------

Fig. 2 Distribution and magnitude of the induced airflow velocity vectors and the related
magnitude of drag and lift coefficients in Phase 1, at different lateral wind speeds
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In the case with no lateral wind, illustrated in Fig. 2a, the typical airflow distribution
around both vehicles is visible, with only a slight distortion in the x direction due to the
interaction of their air currents as they travel in parallel lanes.

As lateral wind velocity increases (Fig. 2bcd) the main airflow behaves differently, with
the truck acting as a lateral shield for the car, creating an area of low airflow velocity around
the car. The drag coefficient values confirm this, indicating a reduction in drag on the car
in the x direction, making its movement easier despite the increasing lateral wind, as the
truck reduces its exposure to the airflow.

In the z direction, the drag on the car is minimal and directed towards the truck (showing
negative values), suggesting a slight push of the car towards the truck. Meanwhile, the
airflow velocity over the truck increases with lateral wind, reaching maximum values
which exceed 1 (see discussion at the end of the section and reference [18]), not only in the
front windshield area but also along the exposed sides and top of the truck body. This
results in higher drag forces in both the x and z directions, indicating that the truck is being
pushed backward and toward the car.

The Reynolds number of the induced airflow is plotted in Fig. 3, providing a top view
of the xz plane. In the case of zero lateral wind (Fig. 3a), the plot shows laminar flow over
the vehicles (Re < 10°) and transitional flow in the wake of the truck. With increasing
lateral wind, the airflow pattern changes significantly, showing higher Reynolds numbers,
up to 1.25x10¢, in transition to turbulent flow, not only in the rear of the truck but also
around the car, as the left side of the truck airflow is largely diverted over the car.
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Fig. 3 Path lines of the induced airflow turbulence and magnitude of the Reynolds number
in Phase 1, at lateral wind of: a) 0 m/s, b) 5 m/s, ¢) 10 m/s, d) 15 m/s

In the second phase of our study, the vehicles travel side by side. A comparison between
the zero lateral wind scenarios in phases 1 and 2 reveals a slight increase in the car's drag
coefficients along the x direction (Figs. 2a and 4a), as some of the airflow separating from
the truck's windshield now reaches the car's windshield, raising the pressure. However, as
lateral wind increases, the car's drag in the x direction decreases, since the truck disrupts
both the frontal and lateral airflows, redirecting them almost tangentially to the car
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(Fig. 4bcd). This creates a partial shielding effect, reducing its drag. In the z direction, drag
on the car increases, pushing it away from the truck.
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Fig. 4 Distribution and magnitude of the induced airflow velocity vectors and the related
magnitude of drag and lift coefficients in Phase 2, at different lateral wind speeds
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The Reynolds numbers (Fig. 5) indicate a similar pattern as analyzed for phase 1, with
maxima around 10° in the wake of the truck and around its lateral region, where the
separated airflow of the truck interacts with the surface of the car.

Fig. 5 Path lines of the induced airflow turbulence and magnitude of the Reynolds Number
in Phase 2, at lateral wind of: a) 0 m/s, b) 5 m/s, ¢) 10 m/s, d) 15 m/s

In the third and final phase of our study, the car is fully exposed to both the frontal
airflow and lateral wind (Fig. 6), resulting in a significant increase in car drag in both the
x and z directions due to the higher wind velocity. The drag coefficients on the truck have
similar values to phase 2, as its dynamics is not strongly influenced by the position of the
car. However, the truck's influence on the car is obvious in all phases and still noticeable
in phase 3, in the air velocity distribution formed in the wake of the car.

The airflow pattern is once again marked by Reynolds number peaks of 108 in the
separated flow around the truck (Fig. 7), indicating a transitional flow that has not yet fully
developed into turbulence (Re between 5x10% and 3x10°). While accurate turbulence
modeling is essential for predicting external vehicle flow - since higher Reynolds numbers
suggest more intense turbulence, which can greatly increase drag - the results in this paper
are produced using accessible computational resources and aim to provide an estimate of
crosswind effects on the vehicle aerodynamics. A more detailed study of Reynolds numbers
would be a valuable tool for optimizing aerodynamics, from evaluating different vehicle
shapes to assessing specific design modifications such as spoilers and diffusers [19, 20].

In examining the cases with zero lateral wind velocity, it becomes clear that in all
phases, the velocity plots show the airflow coming to a complete stop at the front of the
vehicles before accelerating as it moves over the curved surfaces. This creates a high-
pressure region at the front, which is more pronounced for the truck than for the car, where
the air is deflected and flows along the aerodynamic surface. With lateral wind, this high-
pressure region extends to the side of the truck, which provides a shielding effect for the
car in phases 1 and 2. The main stagnation points remain on the front and lateral wind exposed
surfaces where the airflow stops, then turns towards the edges and accelerates as it follows
the vehicle contours. At the rear, the flow separates, leading to the formation of a recirculation
region (wake). Due to the sharp change in the truck’s surface shape and the high Reynolds
number, the flow separates abruptly, resulting in significantly larger separation regions
compared to the car.
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Fig. 6 Distribution and magnitude of the induced airflow velocity vectors and the related
magnitude of the truck and car drag coefficients in Phase 3, at lateral wind of:
a) 0 m/s, b) 5m/s, ¢) 10 m/s, d) 15 m/s
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Fig. 7 Path lines of the induced airflow turbulence and magnitude of the Reynolds Number
in Phase 3, at lateral wind of: a) 0 m/s, b) 5 m/s, ¢) 10 m/s, d) 15 m/s

As the airflow separates on the front and lateral of the vehicles, it forms pockets of high
pressure and low velocity, which contribute to the pressure drag on the vehicles. This
results in a significant increase in drag coefficients in the presence of lateral wind. In
crosswind conditions, the airflow around both the truck and the car becomes highly
unstable and less streamlined. Normally, the airflow over the vehicles is relatively smooth,
helping to maintain a lower drag coefficient. However, crosswinds introduce additional
lateral forces that disrupt this airflow, which becomes highly disturbed and less efficient,
increasing the resistance experienced by the vehicles. This increased resistance raises the
drag coefficient, in some cases above one [18].

As the flow moves around the vehicles, it accelerates over their curved surfaces, leading
to a reduction in pressure. The velocity and pressure distribution on the vehicles, along
with the viscous shear, generate forces on the vehicles: the drag force acting in the direction
of the airflow and a vertical force acting perpendicular to the flow. The lower pressure on
top of the vehicles also creates a lifting effect.

When a vehicle encounters a crosswind, the airflow becomes uneven, disrupting the
direct front-to-rear flow. This disruption leads to irregular pressure distributions on the
vehicle’s surfaces, which can alter the overall lift force. During phase 1, the truck shields
the car from the crosswind, significantly reducing the lift on the car and generating
downforce (Fig. 1bcd). In phase 2, the crosswind initially increases lift by creating a
pressure unbalance between the side facing the wind and the protected side (Fig. 4b);
however, as the angle of the crosswind shifts, the truck shields the car again, reducing lift
(Fig. 4cd). In phase 3, the car is fully exposed to the crosswinds, experiencing an initial lift
increase due to the pressure differential (Fig. 6bc), followed by a decrease as the pressure
balances on the side of the car exposed to the lateral wind (Fig. 6d).

While much of the existing research has focused on the direct impact of aerodynamic
forces on isolated vehicles [21, 22], the influence of crosswinds and vehicle interactions
on highways remains an underexplored yet increasingly important area of study. Numerical
modeling provides a powerful tool to investigate these complex aerodynamic phenomena,
offering insights that are difficult to control and expensive to obtain through experimental
methods alone.
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4, CONCLUSIONS

In automotive engineering, accurately predicting and minimizing aerodynamic drag is
essential for improving vehicle performance, fuel efficiency, and overall safety. Understanding
the effects of crosswinds on vehicle interactions is crucial, as they directly influence both energy
consumption and stability. Crosswinds can substantially alter aerodynamic forces, particularly
in multi-vehicle scenarios such as close-proximity driving or highway overtaking maneuvers.
These interactions can lead to rapid and large fluctuations in air drag coefficients, strongly
affecting fuel efficiency, handling, and stability, and potentially compromising road safety.

Furthermore, with the advent of advanced driver-assistance systems (ADAS) and the
future integration of autonomous vehicles, the ability to predict and mitigate adverse
aerodynamic effects becomes even more important. Vehicles equipped with such technologies
often operate in convoys or platoons, where crosswind-induced drag variations can lead to
significant energy inefficiencies and control challenges. Thus, developing reliable numerical
models that can accurately simulate these scenarios is essential for optimizing vehicle design
and improving the safety and efficiency of highway transportation.

This study provides a comprehensive numerical analysis of crosswind effects on
aerodynamic drag coefficients in vehicle interactions on highways. By leveraging advanced
computational fluid dynamics techniques, we quantify the drag forces under varying crosswind
conditions and vehicle interaction in real-traffic scenarios, where vehicles travel at high
speeds and in close proximity. In such conditions, crosswinds can significantly impact
vehicle stability and fuel consumption. Optimizing vehicle shapes and transportation
configurations can help mitigate these aerodynamic challenges, leading to safer and more
energy-efficient designs, and improved traffic management under adverse environmental
conditions. Furthermore, our approach contributes to strategies for minimizing the adverse
effects of crosswinds, offering guidance on setting appropriate highway speed limits in
moderate to strong wind conditions, ultimately enhancing both safety and efficiency.

Future work will focus on exploring a broader range of vehicles and configurations, as
our current study is limited to a certain type of vehicles, representative for their class, which
could provide deeper insights into crosswind effects. Additionally, we will investigate the
impact of crosswinds on different vehicle formations under diverse environmental conditions.
Another promising research direction involves integrating our findings into the development of
advanced driver-assistance systems and autonomous vehicles.
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